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Abstract We have demonstrated that coupling an
immunoregulatory segment of the MHC class IIassociated invariant chain (Ii), the Ii-Key peptide, to
a promiscuous MHC class II epitope signiWcantly
enhances its presentation to CD4+ T cells. Here, a
series of homologous Ii-Key/HER-2/neu(776–790)
hybrid peptides, varying systematically in the length of
the epitope(s)-containing segment, are signiWcantly
more potent than the native peptide in assays using T
cells from patients with various types of tumors overexpressing HER-2/neu. In particular, priming normal
donor and patient PBMCs with Ii-Key hybrid peptides
enhances recognition of the native peptide either
pulsed onto autologous dendritic cells (DCs) or naturally presented by IFN--treated autologous tumor
cells. Moreover, patient-derived CD4+ T cells primed
with the hybrid peptides provide a signiWcantly stronger helper eVect to autologous CD8+ T cells speciWc
for the HER-2/neu(435–443) CTL epitope, as illus-
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trated by either IFN- ELISPOT assays or speciWc
autologous tumor cell lysis. Hybrid peptide-speciWc
CD4+ T cells strongly enhanced the antitumor eYcacy
of HER-2/neu(435–443) peptide-speciWc CTL in the
therapy of xenografted SCID mice inoculated with
HER-2/neu overexpressing human tumor cell lines. Our
data indicate that the promiscuously presented vaccine
peptide HER-2/neu(776–790) is amenable to Ii-Keyenhancing eVects and supports the therapeutic potential
of vaccinating patients with HER-2/neu+ tumors with
such Ii-Key/HER-2/neu(776–790) hybrid peptides.
Keywords Ii-Key hybrid peptides · HER-2/neu
peptides · Cancer vaccines · T helper cells · CTL

Introduction
Since CTL play an essential role in protection against
tumor growth, improving methods of CTL induction
are of paramount importance for cancer immunotherapy. Optimal CTL induction and long-term immunological memory depend on strong responses from T
helper cells [8, 9, 30, 32, 34, 39, 42, 43], which recognize
MHC class II epitopes of tumor-associated antigens
(TAA) [7, 17, 22]. Many vaccine TAA peptides for
CTL (MHC class I epitope peptides) and for T helper
cells (MHC class II epitope peptides) have been identiWed [47, 49], and some have entered clinical trials [53].
In particular for breast carcinoma, peptide vaccines are
being developed with epitopes of the HER-2/neu
receptor, which is overexpressed in some breast cancers and serves as an established target for immunotherapy [7]. A major issue in clinical trials with cancer
peptide vaccines is the relatively weak presentation of
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MHC class II epitope peptides [12]. A novel method to
boost the potency of MHC class II epitope peptide presentation has become available in the form of Ii-Key/
MHC class II hybrid peptides [1, 2]. Such Ii-Key hybrid
peptides use an immunoregulatory segment of the Ii
protein (the Ii-Key peptide) to loosen the epitopebinding groove of MHC class II molecules to permit
insertion of a tethered MHC class II epitope [51]. The
Wrst Ii-Key peptide (Ii77–92; LRMKLPKPPKPVSQMR) was synthesized to test for biological activity related to regulation of MHC class II antigenic
peptide binding, because its primary sequence suggested a regulatory structure signal (six positive amino
acids, no negative amino acids, four spaced prolines
and recurrent cationic-hydrophobic doublets reminiscent of protease-cleavage sites) [33]. In vitro peptide
presentation assays showed that this “Ii-Key” peptide
greatly enhanced the presentation of I-E-restricted
antigenic peptides to murine T hybridomas [1, 2].
Structure activity relationship studies of 160 homologs
revealed a shorter core sequence (LRMKLPK) with
signiWcantly greater activity than the original 16-amino
acid peptide. The shortest active sequence constituted
four amino acids (LRMK) [1, 52]. Covalent linkage of
that Ii-Key peptide (LRMK) to MHC class II epitopes
strongly potentiated presentation of the tethered peptides in vitro [18, 21, 24] and in vivo [23, 25]. The mechanistic hypothesis has been that the Ii-Key moiety
binds initially to an allosteric site just outside the MHC
class II binding groove inducing a conformational
change in the trough for more accessible antigenic
epitope charging. The aYnity of the antigenic epitope
in the MHC class II binding groove far exceeds the
aYnity of the Ii-Key moiety to the allosteric site. Thus,
it is speculated that the allosteric eVector (LRMK) is
pulled away from its action site as the antigenic epitope
settles into a functional conformation in the antigenic
peptide-binding site.
The objective of this study was to assess pre-existing
immunity in patients with HER-2/neu+ tumors not
receiving immunomodulating therapies, to a homologous series of Ii-Key/HER-2/neu(776–790) vaccine
peptides as therapeutic candidates for phase I clinical
trials. Members of this series diVered in the linear
extent of native epitope containing segment N-terminal to the P1 site residue. This HER-2/neu(776–790)
native peptide sequence is “promiscuously presented”
by many HLA-DR alleles [41, 44, 46]. Such presentation might reXect one epitope, which binds to many
HLA-DR alleles and/or multiple, closely overlapping,
but slightly oVset MHC class II peptides [44]. Here, we
examine the immunogenicity of the clinically important HER-2/neu(776–790) MHC class II epitope [16,
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41, 44, 46] in a novel strategy to enhance the potency of
presentation to T helper cells and consequently the
quality of CTL response to the HER-2/neu(435–443),
[HER-2(9435)], MHC class I peptide [18, 19, 26, 39]
mediating therapeutic antitumor immunity. In particular, we report that the Ii-Key/HER-2/neu(776–790)
hybrid peptides compared to the native peptide
induced higher levels of activation of CD4+ T cells rendering them able to stimulate higher HER-2/neu(435–
443) peptide-speciWc CTL responses. Peptide-speciWc
CD4+ T cells derived from patients with diVerent types
of cancer were also able to recognize their autologous
tumors demonstrating that HER-2/neu(776–790) is a
naturally presented epitope expressed by a variety of
tumors. Furthermore, hybrid peptide-speciWc CD4+ T
cells strongly enhanced the antitumor eYcacy of HER2/neu(435–443) peptide-speciWc CTL in the therapy of
xenografted SCID mice inoculated with human tumor
cell lines. Thus, Ii-Key/MHC class II epitope hybrids of
TAA might have signiWcant therapeutic value in the
treatment of cancer.

Materials and methods
Tumor cell lines
The SKOV3 (ovarian adenocarcinoma) and SKBR3
(breast carcinoma) cell lines overexpressing HER-2/
neu (44) were maintained in McCoy’s medium supplemented with 10% FCS. SKOV3.A2 cells were produced upon transfection with pcDNA3.1-A2-neoR
construct (the generous gift of Prof. Jotereau, Institut
de Biologie, Nantes) encoding the HLA-A2 gene. The
MDA-231 cells were propagated in RPMI with 10 %
FCS while the MCF-7 cell line was cultured in DMEM
supplemented with 1% insulin and 10 % FCS. All
tumor cell lines were purchased from American Type
Collection (Manassas, VA).
Blood samples
Patients in this study had, histologically conWrmed,
HER-2/neu overexpressing cancers. Tumor cells were
isolated from pleural or ascitic Xuids (prostate Ca,
n = 2; breast Ca, n = 6; ovarian Ca, n = 3; lung Ca,
n = 2; pancreas Ca, n = 2), which had been collected
during routine therapeutic aspirations. The selection of
patients for this study was dependent on having HER2/neu overexpression (+3) on the primary tumor or
metastasis and expressing at least one of the following HLA-DR alleles previously shown [41] to bind
the native peptide with high aYnity: DRB1*0101,
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DRB1*1501, DRB1*0404, DRB1*1101, DRB1*1302,
DRB1*0701, DRB1*0802, DRB1*0901, DRB4*0101,
DRB1*0401 and DRB5*0101. In addition, three normal donor samples with predicted allelic reactivity
(DR0404/1601, DR1101/1602, DR0404/DR1101) to the
native peptide were assessed to detect enhanced immunological responses to the hybrid peptides. Patients
whose CD8+ T cells were tested for IFN- responses or
cytotoxicity against their autologous tumor cells were
HLA-A2.1 positive. DNA typing of MHC class II
HLA alleles was determined with the Life Match
HLA-SSO typing kit according to the manufacturer’s
instructions (Tepnel, Stamford, CT). Samples were
analyzed with the Luminex100 instrument (Luminex
Corp. Austin, TX). Tumors were staged according to
standard classiWcations, with all cases being either
Stages III or IV. Biologic material was provided by the
1st Oncology Department of the Errikos Dunant Hospital and the Medical Oncology Unit of the Department of Pathophysiology of Laikon General Hospital
in Athens under protocols approved by the Institutional Review Boards of both institutions. All patients
and normal donors provided informed consent before
entering these studies.
Isolation of tumor cells
Tumor cells were isolated from malignant eVusions by
described methods [5, 6]. BrieXy, Xuids were spun at
400 g for 10 min to sediment cells, which were placed
on top of a 75% Ficoll Separation Solution (Biochrom,
Berlin, Germany) gradient overlaid with 100% Ficoll
Separation Solution and respun at 700 g for 25 min.
Tumor cells collected from the top of the 75% Ficoll
Separation Solution were cultured in A-MEM medium
supplemented with 10% fetal bovine serum and 50 g/
ml gentamicin (all culture reagents were purchased
from Life Technologies, Bochum, Germany).
HER-2/neu expression
The level of tumor cell expression of HER-2/neu was
determined immunohistochemically by estimating the
number and intensity of stained tumor cells per section
of tumor specimen as previously reported [10] by using
the DAKO’s 0–3 scoring system. Expression of HER2/neu on single tumor cells isolated from malignant
eVusions was determined by Xow cytometry using the
PE-conjugated Neu24.7 mAb, which recognizes the
extracellular domain of HER-2/neu (BD Pharmingen,
Erembodegem, Belgium). For Xow cytometry, the
expression of HER-2/neu was controlled by comparing
the mean Xuorescence intensity (MFI) of primary

tumor cells to the MFI of breast cancer cell lines
expressing HER-2/neu at diVerent levels [HER-2/neu
expression of the MDA-231 cell line is scored as 1
(MFI: 192 § 27), and of the MCF7 cells as 2 (MFI:
1010 § 98), and of the SKBR3 cells as 3 (MFI:
3754 § 177); mean values from three independent
analyses]. In all cases, the MFI levels of the primary
tumor cells were comparable to that of SKBR3 cells.
Isolation of PBMCs
PBMCs were collected from peripheral blood samples
of normal donors and cancer patients. PBMCs were
isolated by density gradient centrifugation using Ficoll
Separating Solution. Cells were washed three times
with HANKS’ balanced salt solution (Biochrom) and
either assayed immediately or kept frozen until analysis.
Isolation of T cell subsets
CD4+ or CD8+ T cells were isolated from freshly
isolated total PBMCs or cell cultures using MACS CD4
or MACS CD8 Microbeads (Miltenyi Biotec, Bergish
Gladbach, Germany) respectively, as described in
detail previously [8]. The purity of isolated CD4+ or
CD8+ T cells was in all cases > 97%, whereas, the negative fractions (i.e., CD4+ or CD8+ T cell-depleted cell
cultures) were totally devoid of CD4+ or CD8+ T cells,
respectively.
CD14+ cell isolation and generation of DCs
CD14+ monocytes were isolated from PBMCs by
positive immunoselection by anti-CD14 mAb-coupled
magnetic microbeads (Miltenyi Biotech, Bergisch
Gladbach, Germany) according to the manufacturer’s
protocol. Monocyte diVerentiation into mature DC was
induced as described [37]. BrieXy, CD14+ cells were
cultured in X-VIVO 15 medium (Life Technologies)
in the presence of rIL-4 (1000 IU/ml; R&D Systems,
Europe) and rGM-CSF (1000 IU/ml; Immunex, Seattle,
WA) for 6 days followed by another 24 h incubation
with 10 ng/ml TNF- (R&D Systems). DCs obtained
from these cultures (> 60% mature, based on the
expression of CD83, CD80 and CD86) were irradiated
(3000 rads) and then pulsed for 4 h in CO2 incubators
with the peptides.
Peptides
A homologous series of Ii-Key/HER-2/neu(776–790)
epitope hybrids were synthesized by systematically
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varying the structure and length of the spacer which
connects the Ii-Key (LRMK) segment to the promiscuous HER-2/neu(776–790) MHC class II epitope
through a Xexible polymethylene, ava, (5-aminovaleric
acid = 5-aminopentanoic acid) chain (Table 1). All
peptides were found to be > 98% pure by analytical
HPLC and mass spectrometry (Commonwealth Biotechnologies, Richmond, VA). The above peptides
were N-acetylated and C-amidated to inhibit exopeptidases. The HLA-A2.1-restricted CTL epitope
peptides HER-2/neu(435–443) (ILHNGAYSL), and
gp100(154–162) (KTWGQYWQV) were synthesized
by the solid phase method with an Ecosyn P peptide
synthesizer (Eppendorf-Biotronik, Hamburg, Germany) using the Fmoc strategy and 4-carboxybenzyl
alcohol resin. Purity was > 95% as indicated by HPLC.
In addition, a human Ii-Key/HIVgag(164–176; AcLRMK-ava-YVDRFYKTLRAEQ-NH2) hybrid peptide constituting a promiscuous MHC class II epitope
recognized by most common HLA-DR alleles (26) was
synthesized to > 95% purity (NeoMPS, Inc., San
Diego, California) and used as an irrelevant control in
our studies. All peptides were dissolved in sterile distilled water (5 mg/ml) and stored at –70°C.
ELISA assay
PBMCs from normal donors were cultured in X-VIVO
15 medium (105 cells per 200 l) in 96-well U-bottomed
plates with added peptide (50 g/ml) in CO2 incubators. Seven days later, half of the medium was removed
and replenished with 100 l of fresh medium containing 104 autologous, irradiated (3000 rads) DCs pulsed
with each respective peptide. Thereafter, the growing
microcultures were restimulated at weekly intervals
with 105 autologous CD14+ cells (3000 rads) pulsed
with one respective peptide. The peptide concentration

Table 1 Ii-Key/HER-2/neu (776–790) MHC class II epitope hybrid design

was decreased in each successive restimulation cycle
(i.e., 25 g/ml, 12.5 g/ml). After the third restimulation, cells were tested for IFN- production in the presence of autologous DCs unpulsed or pulsed with the
native peptide using an IFN- ELISA kit, according to
the manufacturer’s instructions (Diaclone, Besancon,
France).
ELISPOT assay
Cancer patients’ unfractionated PBMCs (2.5 £ 105
cells/well) or puriWed CD4+ T cells (105 cells/well) and
autologous CD14+ cells (104 cells/well) were incubated
with either Ii-Key/HER-2/neu or control Ii-Key/HIVgag hybrid peptides (50 g/ml) or native peptide (50 g/
ml) in 96-well, U-bottomed plates (quadruplicate wells)
in 200 l of X-VIVO 15 medium supplemented with
100 pg/ml of human recombinant IL-12 (R&D Systems). A week later, peptide-stimulated responder cells
(total T or CD4+ T cells) were incubated with autologous DCs (10:1 ratio) unpulsed or pulsed with 25 g/ml
of the native peptide for 48 h. Peptide-stimulated
responder CD4+ T cells were also tested (48 h incubation) for recognition of the HER-2/neu(776–790) peptide naturally processed and presented by primary
autologous tumor cells (10:1 ratio), which were induced
to express HLA-DR molecules by rIFN- treatment.
Tumor cells were induced to express MHC class II
molecules in the presence of human recombinant
IFN- (300 IU/ml; Boehringer Mannheim, Mannheim,
Germany). After 72 h in a CO2 incubator, tumor cells
were analyzed for HLA-DR expression using the L243
(IgG2a) monoclonal antibody conjugated with PE (BD
Biosciences). Non-treated autologous tumor cells
(being MHC class II negative) were used as stimulatory
cells in control cultures. The peptide-stimulated
responder cells were then transferred to a pre-coated
IFN- ELISPOT plate and incubation was extended
for another day. The ELISPOT assay was performed
according to the manufacturer’s instructions (BD
PharMingen, San Diego, CA).

Peptide Position Sequence
NP
B
C
D
E
F

776–790
776–790
777–790
778–790
779–790
776–790

Ac-GVGSPYVSRLLGICL-NH2
Ac-LRMK-ava-GVGSPYVSRLLGICL-NH2
Ac-LRMK-ava-VGSPYVSRLLGICL-NH2
Ac-LRMK-ava-GSPYVSRLLGICL-NH2
Ac-LRMK-ava-SPYVSRLLGICL-NH2
Ac-LRMK-GVGSPYVSRLLGICL-NH2

NP is the native peptide HER-2/neu(776–790), whereas peptides
B through F are the Ii-Key/HER-2/neu(776–790) hybrid peptides.
The Ii-Key (LRMK) segment of the immunoregulatory Ii protein
was linked through a simple polymethylene ava spacer to the promiscuous HER-2/neu(776–790) MHC class II epitope by systematically deleting amino acids N-terminal to the P1 (Y) site residue
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Interactions between peptide-speciWc CD4+
and CD8+ T cells
The interactions between CD4+ and CD8+ T cells were
determined by both IFN--based ELISPOT and cytotoxicity assays. The patient-derived PBMCs were stimulated either with the hybrid peptides or the native
peptide in 96-well, U-bottomed plates at 105 cells per
well in 200 l of X-VIVO 15 culture medium for a week.
Cultures were then pooled from decaplicate wells and
peptide-stimulated CD4+ T cells were isolated by immu-

Cancer Immunol Immunother

nomagnetic puriWcation (Miltenyi Biotech). On the
same day, autologous CD8+ T cells were isolated from
thawed PBMCs by immunomagnetic procedures (Miltenyi Biotech). The CD4+ and CD8+ T cells (5 £ 104 from
each subset) were mixed with 5 £ 103 autologous DCs
pulsed with the respective helper peptide used for stimulation and with the CTL HER-2(435–443) peptide, in
200 l of X-VIVO 15 medium per well in 96-well plates.
Control cultures consisted of only CD8+ T cells and
DCs pulsed with HER-2/neu(435–443) peptide. As for
another control, HER-2/neu(435–443) pulsed DCs were
added to CD8+ T cell cultures in the presence of nonprimed CD4+ T cells or CD4+ T cells primed with the
control Ii-Key/HIVgag(164–176) hybrid peptide. Seven
days later (i.e., day 14 from culture initiation), immunomagnetically puriWed CD8+ T cells were IFN-
ELISPOT assayed against irradiated HLA-A2.1+
autologous tumor cells. For testing the enhancement of
cytotoxicity mediated by HER-2/neu(435–443)-primed
CTL through potentiation with hybrid peptide-primed
autologous CD4+ cells, cultures were set up as above
until day 14, and the recovered T cells were restimulated
twice at 7-day intervals in the presence of irradiated
autologous PBMCs (ratio 1:1) preincubated with HER2(435–443). The CD8+ T cells were then separated from
the CD4+ T cells by negative immunomagnetic puriWcation and subsequently cultured in low doses of rIL-2 (20
IU/ml). Thereafter, the retrieved CD8+ T cells were
tested for cytotoxicity against their autologous tumor
targets at the designated ratios. Cytotoxicity assays were
performed as described [19, 20].
Tumor rejection models
The CD4+ and CD8+ T cells from a single HLA-A2.1+
patient primed as previously described were tested
for their capacity to synergistically induce antitumor
activity against the HER-2/neu overexpressing SKOV3
ovarian cancer cell line transfected to express HLAA2.1 (SKOV3.A2). Before adoptive transfer, both
CD4+ and CD8+ T cells (1 £ 106 cells/ml each) were
expanded using the T cell expander kit according to
the manufacturer’s instructions (Dynal, Biotech, Oslo,
Norway). IL-2 (Proleukin; Chiron BV, Amsterdam,
The Netherlands) at 100 U/ml was added to the cultures 3 days later. The cells were fed with fresh
medium containing 100 U/ml IL2 twice a week. After a
total of 20 days approximately 2 £ 107 cells could be
recovered from a single culture. SCID mice were inoculated subcutaneously (sc.) on the back with 5 £ 05
tumor cells in 0.5 ml PBS. Injections with expanded
CD4+ and CD8+ T cells (1 £ 106 cells from each subset
in 0.5 ml PBS) were administered intraperitoneally

(ip.) at a time when the tumor became palpable (i.e.
12–16 days after inoculation). Tumor size was calipermeasured and recorded as the product of the perpendicular diameters of individual tumors every 4 days.
The observation was terminated with euthanasia when
the tumor mass grew to 200–250 mm2.
Statistical analyses
All functional assays, e.g., IFN- production in ELISA
and ELISPOT assays, and cytotoxicity assays were performed in quadruplicate (unless diVerently indicated).
SigniWcance of diVerences among all groups was assessed
with the Student’s t-test. A nonparametric Wilcoxon
rank test was also used in the statistical analysis of the
size of tumor in individual groups. The diVerence was
considered statistically signiWcant when P < 0.05.

Results
Normal human T cell responses to Ii-Key/HER-2/neu
(776–790) hybrid peptides and the native peptide
Since natural cellular and humoral HER-2/neu immunity is evident in both normal donors and cancer
patients [7], we Wrst investigated the PBMCs of healthy
volunteers in order to explore whether the normal
T cell repertoire harbors precursors inducible by the
hybrid peptides. Normal donors with predicted HLADR allelic reactivity based on promiscuity of the
native HER-2/neu(776–790) sequence [41, 44] were
thus assessed for upregulated hybrid peptide immunogenicity. More speciWcally, the enhanced immunostimulatory activity of Ii-Key/HER-2/neu MHC class II
epitope hybrids (Table 1) comparable to the native
peptide was evaluated in lymphocyte cultures of three
healthy volunteers after the third round of priming
with either native peptide or hybrid peptides. The
pooled data from these experiments, shown in Fig.1,
demonstrate the potency of hybrid peptides-B, -D and
-F to more eYciently activate donor T cells for
enhanced recognition of the native peptide pulsed onto
autologous DCs. Priming with these peptides induced a
modest (P < 0.05) enhancement of IFN- production in
the three healthy donors tested compared to the native
peptide (stimulation index: 1.52–1.81), with a stimulation index ranging between 1.85 to 2.92 for peptide-B,
and 2.37 to 3.01 and 2.15 to 3.47 for peptides-D and -F
respectively. Hybrid peptides-C and -E induced IFN-
responses, which, however, did not diVer signiWcantly
from those induced by the native peptide. Overall,
priming with the hybrid peptides-B, -D and -F induced
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a noteworthy increase of immune response comparable
to the native peptide in peripheral low avidity normal
donor T cells. Such T cell clones were in vitro stimulated via multiple rounds of stimulation, generating
low IFN- responder cells to the native epitope.
Healthy donors⬘ T cells primed with a control Ii-Key/
HIV gag(164–176) hybrid peptide, which binds to a
series of HLA-DR alleles including the native peptidebinding ones (26, 41), produced similar levels of IFN-
in response to autotologous DCs, either unpulsed or
pulsed with the native peptide (stimulation index:
0.95 § 0.25) (Fig. 1), thus demonstrating the speciWcity
of the CD4+ T cell responses for the native peptide,
upon priming with the hybrid peptides-B, -D and -F.
Enhanced T cell responses to autologous HER-2/
neu + tumor cells following in vitro stimulation of
cancer patient PBMCs with Ii-Key/MHC class II
epitope hybrid vaccine peptides
We Wrst extended our analysis to evaluate whether
PBMCs from cancer patients whose tumors overexpress HER-2/neu might be more eYciently primed
by Ii-Key hybrid peptides comparable to the native
peptide in terms of recognizing the native HER-2/
neu(776–790) sequence presented on autologous DCs,
consistently, as with the previously demonstrated trend
of hybrid peptide immunogenic sensitivity obtained
from the normal donors. Stimulating patients⬘ PBMCs
with hybrid peptides-B, -D and -F generally enhanced
the frequencies of T cells in recognizing the native peptide that is pulsed onto autologous DC (data not
shown).

stimulation index (IFNγ)

4
3,5
3
2,5
2
1,5
1
0,5
0

NP

B

C

D

E

F

HIV

peptides
Fig. 1 Stimulation of normal donor PBMC with hybrid peptides
enhances recognition of native peptide presented onto autologous DC. Mean stimulation index § SD from three normal
donors is shown. NP native peptide, B-F hybrid peptides, HIV
Ii-Key/HIV gag(164–176) control hybrid peptide
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Table 2 HLA-DR expression on primary tumor cells upon pretreatment with IFN-.
Pat.
No.

Type of
cancer

Before IFN-
treatment

After IFN-
treatment

1
2
3
4
5
6
7
8
9
10

Prostate
Breast
Breast
Breast
Pancreas
Pancreas
Ovarian
Breast
Lung
Prostate

105a
201
118
194
127
103
110
112
207
281

1.745
2.846
1.175
2.817
1.613
2.515
1.162
1.170
2.152
2.914

a
Results are given as net mean Xuorescence intensities (MFI),
obtained with the PE-conjugated anti-DR mAb L243, from which
the background MFI [PE-labled isotype matched (IgG2a) antibody] was subtracted

More interestingly, we then evaluated whether the
hybrid peptide-primed T cells elicited stronger
immune responses against autologous HER-2/neu +
tumors presenting the native peptide in the context of
HLA-DR molecules induced by rIFN- treatment
(Table 2). Overall, hybrid peptides-B, -D and -F
enhanced patients⬘ T cell numbers responding to
autologous tumors relative to the native peptide
(Fig. 2a, b). Immune response was deWned as the
speciWc IFN- spots induced either by native peptide
or hybrid peptide-primed T cells against autologous
tumor cells pre-treated with rIFN- subtracting the
levels of background activity observed with the
untreated tumor cells. Enhanced immune responses
(including intermediate and high responders, (Fig. 2a)
were seen with T cells stimulated with hybrid peptideB (4 of 9; 44%), -D (4 of 10; 40%) and -F (4 of 8;
50%) relative to T cells stimulated with the native
peptide. Mean speciWc IFN- spots with these peptides were 283 for hybrid peptide-B, 252 for peptideD and 319 for peptide-F, P = 0.0003, 0.0007 and 0.002,
respectively compared to the native peptide (mean
spots: 125) (Fig. 2b). As previously shown, hybrid
peptides-E and -C were not active to any of the
patients tested (Fig. 2a, b). Mean speciWc IFN- spots
with peptide-C (n = 157) and peptide-E (n = 171)
did not diVer signiWcantly compared to the native
peptide-induced spots. The data from these type
of experiments conWrmed patients⬘ correlation of
enhanced hybrid peptides-B, -D and -F potency to
more eYciently sensitize patients⬘ T cells for increased
recognition of the native peptide naturally expressed
on autologous tumor cells similarly as when presented
on DC.

No of patients responding (%)
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(A)
100
90
80
70
60
50
40
30
20
10
0
B (9 )

C (7 )

D (1 0 )

E (9 )

F (8 )

peptides (No of patients tested)
high response(>3,5)
intermediate response(2,1-3,5)
low response(1,5-2,0)
no response( 1,0-1,4)

IFNγ specific spots/106 cells

700

(B)

600
500

CD4+ T cell-mediated enhancement of autologous
CD8+ T cell IFN- production and cytolytic activity

400
300
200
100
0

autologous tumor cells to ascertain Ii-Key/MHC class
II hybrid peptide immune response enhancement
speciWcally mounted to Th1 speciWcity. CD4+ T cells
produced a similar pattern of immune response
enhancement mediated by hybrid peptides-B, -D and
-F in contrast to the native peptide as did total PBMCs
cultures (Fig. 3). This increased IFN- production
mediated by hybrid peptide-stimulated CD4+ T cells
was demonstrated in response to the native peptidepulsed DCs (Fig. 3a) as well as their autologous tumor
cells (Fig. 3b). To conWrm HER-2/neu antigen immune
response speciWcity, the Ii-Key/HIVgag(164–176)
hybrid peptide was used as an irrelevant control in the
functional in vitro assays. More speciWcally, priming
CD4+ T cells with such a non-speciWc control hybrid
peptide and testing against DCs pulsed with native
HER-2/neu(776–790) epitope or against autologous
tumor cells, induced a low number of IFN- responder
cells (Fig. 3a, b).

NP

B

C

D

E

F

peptides
Fig. 2 Levels of responses to autologous tumor cells after priming with the hybrid peptides. a Graphs were assigned as percent
of no, low, intermediate and high responders based on the level
of responses [i.e. number of IFN- speciWc spots generated
against the autologous tumor cells, induced to express HLA-DR
molecules upon IFN- treatment, after subtracting the control
stimulations with non-IFN- treated autologous tumor cells]. The
levels of responses are given as fold increase compared to those
induced upon priming with the NP. The cut-oV for each group was
deWned randomly. b Recognition of IFN- treated tumor cells by
autologous CD4+ T cells primed with NP or hybrid peptides B–F.
Each dot represents number of IFN- speciWc spots produced
by a single patient tested. Bars represent mean values. P values
compared to NP: peptide-B = 0,0003, -C = 0,0658, -D = 0,0007,
-E = 0,3982, -F = 0,0002. P values for hybrid peptides -C and -E
were non-signiWcant compared to NP

CD4+ T cells are the target of Ii-Key hybrid peptides
immunoenhancing eVect
For certain patients with adequate blood supply,
immunomagnetically isolated hybrid peptide-primed
CD4+ T cells were assayed against both DC-pulsed
with the native peptide and HER-2/neu overexpressing

Our next aim was to test whether enhanced hybrid
peptide immunostimulatory activity boosts IFN- production and lytic activity of autologous CD8+ T cells.
HER-2/neu(435–443), is an immunogenic CTL epitope, naturally presented by HER-2/neu overexpressing primary tumor cells and cell lines [20, 40, 45]. This
epitope is recognized by HLA-A2.1+ CTL lines and
clones. The PBMCs from an HLA-A2.1+ patient were
evaluated in an in vitro CD4+/CD8+ T cell functional
assay via an IFN- ELISPOT readout measuring cytokine recall response to patients⬘ autologous tumor
cells overexpressing HER-2/neu (Fig. 4). A signiWcant
increase in the number of speciWc IFN- spots was
revealed after incubation of CD8+ T cells with hybrid
peptides B- and D-stimulated autologous CD4+ T cells
as compared to native peptide-stimulated CD4+ T
cells [160 (B) and 205 (D) vs. 56 (native peptide)
mean spots; P < 0.001]. A weaker, though noteworthy,
enhancement of the CD8+ T cell response was
observed upon incubation with hybrid peptide-Fprimed CD4+ T cells (82 vs. 56 mean spots; P < 0.05
compared to native peptide). Mean speciWc IFN-
spots produced by CD8+ CTL alone, or preincubated
with non-stimulated CD4+ T cells were signiWcantly
less compared to those observed when the same CD8+
CTL were incubated with native peptide-primed CD4+
T cells (P < 0.01) (Fig. 4). In addition, HER-2(435–
443)-speciWc CTL from the same patients lysed their
autologous tumor cell targets more eYciently after
incubation with hybrid peptide-B-stimulated CD4+
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patient also lysed autologous tumor targets better after
incubation with hybrid peptides than with the native
peptide; approximately 55% speciWc lysis was observed
with hybrid peptide-B-primed CD4+ T cells as compared to 22% when CD4+ T was primed with the
native peptide. Peptide D- and F-stimulated CD4+ T
cells induced almost a comparable augmentation of
CD8+ T cell mediated cytotoxicity (47 and 52% speciWc lysis, respectively) (Fig. 5b). Cytotoxicity with control CD8+ CTL was signiWcantly less compared to that
induced by native peptide-stimulated CD4+ T cells.
The CD4+ T cells primed with Ii-Key/HIVgag(164–
176) hybrid peptide potentiated IFN- responses
(Fig. 4) and cytotoxicity (Fig. 5a, b) of CD8+ T cells
towards the autologous tumor cells at levels comparable to those induced by the native peptide-primed
CD4+ T cells.
These data suggested that B, D and F hybrid peptide-primed CD4+ T cells are capable of providing an
augmented helper eVect to their autologous HER-2/
neu(435–443)-primed CD8+ T cells for lysing more
eYciently the autologous tumor targets. In addition,
they conWrm that HER-2/neu(435–443) peptide is naturally processed and expressed by HER-2/neu overexpressing primary tumor cells.

50
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D

E

F

HIV

peptides
Fig. 3 Stimulation of isolated CD4+ T cells with Ii-Key/HER-2/
neu hybrid peptides enhances recognition of native HER-2/neu
peptide presented onto autologous DCs in a breast cancer patient (a). In (b) similarly stimulated CD4+ cells from two patients
with ovarian (pat. ova) and breast (pat. bre) cancer, showed enhanced recognition of their autologous tumor cells. Mean values
of IFN- speciWc spots § SD from quadruplicate wells are
shown. Priming CD4+ T cells with the irrelevant control Ii-Key/
HIVgag(164–176) hybrid peptide and testing against DCs pulsed
with native HER-2/neu(776–790) epitope in (a) or against the
autologous tumors in (b), induced a low number of IFN- responder cells. NP native peptide; B-F hybrid peptides, HIV irrelevant control peptide

T cells than when preincubated with native peptidestimulated CD4+ T cells (65 vs. 28% cytotoxicity at an
E:T ratio of 40:1; P < 0.001) (Fig. 5a). Peptide D- and
F-primed CD4+ T cells mediated a relatively weaker
though signiWcant helper eVect (53 and 48% cytotoxicity; P < 0.005 compared to native peptide). Cytotoxicity with control CD8+ CTL (i.e., those preincubated
with non-stimulated CD4+ T cells) was signiWcantly
less compared to that induced by native peptide-stimulated CD4+ T cells (Fig. 5a). In a similar fashion, HER2/neu(435–443)-speciWc CTL from a second HLA2.1+
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The adoptive transfer of Ii-Key hybrid peptide-stimulated CD4+ T cells and autologous HER-2(435–443)
CTL from an HLA-A2.1+ cancer patient protects
SCID mice against the growth of the human
SKOV3.A2 ovarian tumor cell line
We lastly sought to determine whether the hybrid peptide-stimulated CD4+ T cells were also more eVective,
as compared to the native peptide-stimulated CD4+ T
cells in collaborating with autologous CTL, for the
induction of antitumor responses in vivo. The transfer
of HER-2/neu(435–443) CTL exerted high levels of
antitumor activity against the growth of the transplanted SKOV3.A2 (HER-2/neu+, HLA-A2.1+) tumor
cells in SCID mice. Solid tumor formation induced
upon inoculation of SKOV3.A2 cells reached an area of
220 mm2 on day 84 as compared to a similar tumor size
reached already on day 44 (Fig. 6) when mice were not
treated. As also displayed in Fig. 6, transfer of HER-2/
neu(435–443) CTL along with the autologous CD4+ T
cells speciWc for the native peptide HER-2/neu(776–
790) signiWcantly improved the survival of SCID mice;
on day 116, the tumor reached a size of 235 mm2
(P < 0.05). However, this improvement in survival was
much greater when the HER-2/neu(435–443)-speciWc
CTL was transferred with peptide-B, or peptide-FspeciWc CD4+ T cells (tumor size 225 mm2 by day 148
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Fig. 4 CD8+ T cells (from a lung cancer patient), primed with
autologous CD4+ T cells speciWc for Ii-Key hybrid peptides,
[CD4(B), CD4(D) and CD4(F) induced increased frequencies of
HER-2/neu(435–443)-speciWc CTL as compared to those CD8+ T
cells primed with the native peptide, [CD4(NP)], in an IFN-
ELISPOT assay. HER-2/neu(435–443)-CTL which were either

not preincubated with CD4+ T cells [CD8(435)] or were preincubated with non-stimulated CD4+ T cells [CD8(435) + CD4] or
with CD4+ T cells primed with the control Ii-key/HIVgag(164–
176) peptide [CD8(435) + CD4(HIV)], elicited comparable IFN responses. Mean values § SD from quadruplicate wells are
illustrated

and 250 mm2 by day 140, respectively; P < 0.05 for both
peptides compared to native peptides). As for controls,
HER-2/neu(435–443) CTL transferred with non-stimulated CD4+ T cells gave similar results to those
obtained with the transfer of HER-2/neu(435–443) CTL
alone; tumor growth in SCID mice treated with CTL
primed with an irrelevant HLA-A2.1-restricted peptide
[gp(154–162)] along with peptide-B-speciWc CD4+ T
cells was similar to the growth of untreated mice
(Fig. 6). HER-2/neu(435–443)-speciWc CTL transferred
either alone or together with hybrid peptide-stimulated
CD4+ T cells remained without any eVect against the
growth of wild-type SKOV3 (not expressing HLAA2.1) indicating the speciWcity of the in vivo CTL
response (data not shown).

mediate and high responders to hybrid peptides-B, -D
and -F. Even though the trend of hybrid peptide
potency in native epitope presentation is consistent
with normal donor and cancer patients´ cells, the
greater magnitude of immune response enhancement
in patients might be attributed to HER-2/neu+ tumordependent immune activation [4, 38].
Immune responses were observed initially with total
T cell cultures and conWrmed with immunomagnetically
puriWed CD4+ T cells, which were stimulated by autologous DC. Results demonstrated that hybrid peptides-B,
-D and -F elicited the most potent T cell responses in
the largest fraction of patients. Our studies further
addressed whether hybrid peptide-primed antigenspeciWc reactive T cells are functionally active to better
recognize HER-2/neu naturally processed and presented
on autologous tumor cells that are induced to express
HLA-DR for antigen presentation by IFN- treatment.
Our data conWrmed patient correlation of enhanced
hybrid peptides-B, -D and -F potency to more eYciently
sensitize patient’s T cells for increased recognition of the
native peptide naturally expressed on autologous tumor
cells similarly as when presented on DC. More speciWcally, these studies support the view that vaccinating
patients with Ii-Key/MHC class II epitope hybrid peptides will elicit primed T cells that recognize the native
HER-2/neu(776–790) peptide on the surface of the
autologous tumor cells that are induced to express MHC
class II by IFN- locally secreted from activated peptidespeciWc CD4+ or CD8+ T cells or even NK cells [13]. In
addition, the primed T cells would also recognize the
native HER-2/neu peptide processed from inclusion
bodies of autologous HER-2/neu+ tumor cells undergoing apoptosis and presented by autologous DCs.

Discussion
Toward the ultimate goal of enhancing peptide vaccines with MHC class II-epitopes of HER-2/neu, we
have demonstrated that CD4+ T cells of patients with
various HER-2/neu+ tumors are activated signiWcantly
better in vitro by Ii-Key/HER-2/neu MHC class II epitope vaccine therapeutic candidates than by the corresponding native peptide. The T cell repertoire from
healthy donors harbored low level responder cells with
modest sensitivity to the epitope represented in the
context of hybrid peptides-B, -D and -F compared to
the native peptide after three rounds of stimulation.
The magnitude of the HER-2-speciWc cellular immune
response in lymphocyte cultures from cancer patients
was further ampliWed compared to the normal donor
lymphocytes, being comprised of low as well as inter-
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Fig. 5 Increased cytotoxicity of HER-2/neu(435–443)-speciWc
CD8+ T cells, [CD8(435)], from a lung (A) (the same donor as in
Fig.4) and ovarian (B) cancer patient upon incubation with autologous CD4+ T cells stimulated with NP or hybrid peptides. Mean
values from quadruplicate cultures are shown. The SD was always
less than 15% of the means and thus omitted

In addition to establishing the direct stimulatory
potential of Ii-Key hybrids on CD4+ cells, it was important to demonstrate the functional signiWcance of this
antigen-speciWc stimulation in further potentiation of
CTL enhancement. DCs are known to up-regulate the
expression of MHC and co-stimulatory molecules that
are required for eYcient priming of CD8+ T cells upon
interaction with peptide-speciWc CD4+ T helper cells.
This interaction between CD4+ T cells and DC is mediated by cell surface molecules such as CD40 and CD40
ligand, as well as by soluble mediators [9, 39, 43]). These
mediators, together with DC activation, facilitate the
direct interaction between CD4+ and CD8+ T cells
required for eYcient generation of memory CD8+ T
cells [11, 13] and thus, leading to long-term cytotoxic
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Fig. 6 Therapeutic eYcacy of HER-2/neu(435–443) CTL transferred along with peptide-speciWc autologous CD4+ T-cells in
SCID mice xenografted with the HER-2/neu+ , HLA-A2.1+ human breast tumor cell line SKOV3.A2. CTL and CD4+ T cells
(1 £ 106 each subset) were ip. injected per mouse in groups of ten
SCID mice, which were previously (12–16 days) inoculated sc.
on the back with 5 £ 105 SKOV3.A2 cells. Tumor growth was
caliper-measured and recorded every 4 days in all groups until
tumor area had reached a diameter > 200 mm2. Data are reported as the mean tumor area of 10 mice per group. The SD was always less than 25% of the means and thus, it was omitted. CTL
primed with an irrelevant HLA-A2.1-restricted peptide [gp(154–
162)] along with the CD4(B) T cells did not eradicate the growth
of transplanted SKOV3. A2 tumor cells similarly as the untreated controls

responses associated with better clinical outcomes.
These and other studies [8, 17, 30, 32, 34, 42] demonstrate the crucial role of CD4+ T helper cells in the
induction and maintenance of adequate CD8+ T cellmediated anti-tumor response. To test the ability of
hybrids to increase CD4+ T cell help in enhancing antitumor CTL responses, we co-cultured hybrid stimulated
CD4+ T cells with CD8+ T cells primed by HER-2(435–
443). This is an immunogenic CTL epitope naturally
expressed by HER-2/neu overexpressing tumor cell lines
and primary tumor cells from HLA-A2.1+ patients [20,
40, 45]. We showed that the CTL response is increased
when CD4+ T cells are pre-stimulated with the hybrid
peptides-B, -D or -F, the same hybrids found to optimally stimulate CD4+ T cells to recognize autologous
tumor cells or the native peptide-pulsed onto autologous DCs. The CTL responses were enhanced by
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co-cultivation of CTL with hybrid stimulated immunopuriWed CD4+ cells, as measured by either IFN- ELISPOTs in response to the stimulatory autologous tumor
cells or speciWc cytolysis against autologous tumor cell
targets. More importantly, CD4+ T cells stimulated with
hybrid peptides-B and -F displayed a higher degree of
enhancement of the antitumor activity of autologous
CD8+ T cells stimulated with HER-2(435–443) in xenografted SCID mice. CD4+ T cells primed with a control
Ii-key/HIV gag(164–176) hybrid peptide, promiscuously
binding to several HLA-DR alleles (25), could not recognize autologous tumor cells naturally expressing the
HER-2/neu(776–790) epitope or autologous DCs pulsed
with the HER-2(776–790) synthetic peptide. These demonstrated that the enhancing potency of the Ii-Key/
HER-2/neu(776–790) hybrid, speciWcally aVected CD4+
T cells recognizing the native HER-2/neu peptide and
did not induce an overall stimulation via its Ii-Key
moiety. In contrast, the Ii-Key/HIVgag hybrid peptideinduced CD4+ T cells did potentiate CD8+ T cell-mediated responses towards autologous tumor cells at levels
similar to those induced by the native HER-2/neu(776–
790) peptide. This is not surprising since helper epitopes
unrelated to those recognized by CTL have been shown
to activate CD4+ T cells for eVective synergistic interactions with CD8+ T cells resulting in enhanced antitumor
cytotoxic responses [14, 48]. However, the enhancing
eVect induced by the Ii-Key/HIVgag hybrid was inferior
compared to those induced by hybrid peptides-B, -D, -F.
This can be attributed to diVerences in (i) HLA-DR
binding aYnities and dissociation kinetics of HER-2/
neu(776–790) versus HIVgag(164–176) and (ii) frequencies of CD4+ T cell clones induced by these peptides.
Our previous in vivo studies [23, 25] have so far indicated that the shorter the distance between the Ii-Key
moiety and the epitope-containing segment, the better
the potency of immune response enhancement; i.e., the
peptides with a shorter distance between the C terminus of the 5-aminopentanoic acid spacer and the N terminus (P1 site residue) of the antigenic epitope were
usually more potent than the homologs with additional
amino acids N-terminal to the presented epitope. The
outcome was consistent with the view that the additional spacer residues from the antigenic sequence are
not needed and might compete in MHC desetope binding or permit the allosteric eVector LRMK too much
access to its site of action, thereby leading to an autorejection of the tethered MHC class II epitope. Hybrid
peptide -D is consistent with this view. Hybrid peptideF, which lacks the –ava-spacer equivalent to 2.5 amino
acids of the peptidyl backbone also Wts the hypothesized theory of limited autorejection. However, this is
not an established rule and may not be the case with

promiscuous peptides. Considering the HLA-DR heterogeneity of humans, it is speculated that a promiscuously presented segment of the longer Ii-Key/
HER-2/neu(776–790) hybrid peptide-B, i.e., a peptide
presented by many diVerent HLA-DR alleles, is
comprised of multiple, closely overlapping, MHC class
II epitopes, which are oVset slightly in the linear
sequence that is one, two or three adjacent amino acids
near the N terminus of a longer, promiscuously presented peptide, might each constitute a P1 site residue
of a shorter hybrid recognized by diVerent HLA-DR
alleles [44]. Whether the Ii-Key moiety can potentiate
each of the respective epitopes equally well, depending
upon the HLA-DR allele product that the hybrid
encounters, or whether there are other factors that
control the increased potency of Ii-Key hybrid peptides
observed here will require larger studies.
At this point it is important to note that the levels of
HLA-DR expression on tumor cells upon IFN- treatment, apparently did not inXuence the response proWle
of their autologous hybrid peptide-primed CD4+ T
cells to the naturally processed peptide. For instance
patients no. 5 and 6 (both with pancreatic Ca) whose
tumors expressed signiWcantly diVerent levels of HLADR molecules (Table 2), both were high responders,
and patients no. 1, 3 and 7 with almost equal levels of
HLA-DR expression responded diVerently [intermediate (pat. no.1) and no responders]. Although the patterns of response are complex, certain conclusions
appear to be well supported. Firstly, there is no
obvious value in HLA-DR genotyping patients with
HER-2/neu+ tumors prior to selecting Ii-Key hybrids
for vaccination of such patients. The majority of the
patients tested, regardless of HLA-DR genotype,
responded equally well to hybrid peptides-B, -D and
-F. Secondly, within a series of Ii-Key hybrids including
sequences of a promiscuously presented peptide, the
variance of response (intermediate and high responders) among potent members of Ii-Key homologous
series is generally small, such that one potent hybrid,
eliciting most consistently a strong response from the
PBMCs of most patients can be justiWably selected for
clinical trials. Given that it is diYcult to Wnd an individual who does not possess at least one DR allele that has
aYnity for the HER-2/neu epitope used in these studies, it may be of interest to establish whether a combination of the most potent hybrids identiWed here, (hybrid
peptides-B, -D and -F) shows activity in a greater percent
of PBMC samples than either alone. Perhaps of greater
importance is the clinical evaluation of either of the
most potent MHC class II epitope peptides alone with
an MHC class I epitope peptide. To date, clinical
responses to immunizations with either or both class I
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and MHC class II epitope peptides have been disappointing [3, 29, 54]. The data presented here show that
linking MHC class II epitopes to the Ii-Key hybrid peptides augments their potency in terms of IFN- release
by CD4+ T cells and that those cells are functionally
more active as demonstrated by augmentation of CTL
activity in vitro and in vivo. Recent data indicate the
suppressive function of CD4+ CD25+ regulatory T
cells on Th stimulation. Patients with various types of
cancer have been demonstrated to express signiWcantly
diVerent percentages of Tregs in their peripheral blood
[50] or malignant eVusion [15]. One must yet test
whether the potent stimulation provided by the hybrid
peptides-B, -D or -F allows Th cells to overcome the
Treg-mediated suppression. Together with a growing
body of evidence pointing to the importance of CD4+
T cell activity in successful tumor immunotherapy,
these data support the view that the combination of an
Ii-Key/MHC class II hybrid peptide and CTL epitope
peptide (s) could become an important approach to the
immunotherapy of cancer.
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